Two experiments were conducted to investigate the effect of riboflavin deficiency on the glutathione peroxidase system in erythrocyte, liver and muscle of the baby pig. In the first study, 15 one-week old pigs were assigned to three dietary regimens for 6 weeks. Pigs were either fed riboflavin-free (Râ€") or riboflavin-supplemented (25 mg/kg diet) diets. One-half of the supplemented pigs were pair-fed to the deficient pigs. At the end of the experiment, blood was sampled, pigs were killed and organ samples taken. Erythrocyte (RBC) active glutathione reductase (GR) was reduced by 75c/c among R-pigs without any change in RBC reduced gluta thione. Most importantly, hepatic glutathione peroxidase (GSH-Px) activity and selenium ( Se ) concentration were markedly reduced by riboflavin deficiency while hepatic GR activity was unaltered. Muscle GSH-Px was reduced significantly but muscle Se was not. In the second study, 16 threeweek old pigs were assigned to graded dietary levels of riboflavin (0, 2, 4 and 10 mg/kg) for 2 or 4 weeks. At 2 and 4 weeks, one-half of the pigs were killed, and blood and tissues taken. Hepatic GSH-Px was again depressed when pigs were fed the 0 mg/kg ivboflavin diet, but was essentially the same whether 2, 4 or 10 mg riboflavin/kg diet was fed. Muscle GSH-Px activity was more variable and did not respond to riboflavin deficiency in this study. RBC percent active GR plateaued between 2 and 4 mg ribo flavin per kg diet.
Polyun saturated _^Fatty Acids ( fig. 1 ). Two dietary essential nutrients other than Se are necessary to the gluta thione peroxidase system: riboflavin, in the form of flavin adenine dinucleotide ( FAD), for glutathione reducÃ-ase (GR; EC 1.6.4.2) activity and sulfur amino acids, in the form of cysteine, a component of the tripeptide, glutathione (GSH).
Since riboflavin is relatively unstable and unsupplemented practical diets are gener ally deficient in riboflavin (11) , it seemed more reasonable to suspect that riboflavin deficiency rather than cysteine deficiency, could relate to Se-E deficiency signs since this nutrient is not likely to be deficient in practical diets. Thus, the present studies address the relationship of riboflavin de ficiency to the glutathione peroxidase sys tem enzymes; our hypothesis being that riboflavin deficiency results in a severe re duction in GR activity leading to an ap parent Se-E deficiency state. Secondarily, these studies provided an opportunity to determine if die erythrocyte GR activity coefficient (EGR-AC), which has been found to reflect dietary riboflavin status in man (12) (13) (14) and rat (15) , would also re flect riboflavin status in the pig.
MATERIALS AND METHODS

Experiment 1. Fifteen one-week old pigs
( average weight 2.6 Â±0.3 kg ) were as signed to three casein-based dietary regi mens: 1) riboflavin supplemented (25 mg/kg diet), fed ad libitum (R); 2) un supplemented with riboflavin, fed ad lib itum (R~); and 3) riboflavin supple mented, but pair-fed to R~pigs ( Rp ). Diet composition is presented in excess of the current NRC requirement for the 5 to 10 kg pig of 0.56%. Thus, sulfur amino acids were not thought to be limit ing. A large quantity of R~diet was pre pared and refrigerated. The supplemented diet was prepared twice weekly by addi tion of riboflavin to the R~diet. Pigs were individually housed in stainless steel cages. Water was provided ad libitum. At 6 weeks of age (after 5 weeks of feeding the di etary regimens) pigs were killed and heparinized blood samples and organs collected.
Whole blood GSH (16), hemoglobin (17) and hematocrit were determined. Erythrocytes ( RBC ) and plasma were sep arated by low speed centrifugation at 4Â°. RBC were washed twice in ice-cold normal saline (0.9% NaCl) and lysed with dis tilled water. Liver and muscle were ho mogenized in 0.154 M KC1 and cytosol separated by centrifugation.
RBC, hepatic and muscle total and ac tive GR (13) , and GSH-Px (18) activities were determined. In addition, hepatic and RBC glucose-6-phosphate dehydrogenase (G6PD; EC 1.1.1.49) and 6-phosphogluconate dehydrogenase (6PGD; EC 1.1.1.44) activities, and hepatic malic enzyme ( ME; EC 1.1.1.40) and NADP-isocitrate dehydro genase (ICDH; EC 1.1.1.42) activities were determined (19) . All enzymes were assayed at 37Â°and expressed per unit hemoglobin (RBC) or protein (liver and muscle) (20) . Hepatic thiobarbituric acid reactive substance (TEARS) was mea sured as an indicator of lipid peroxidation (21) . Hepatic, muscle and plasma Se was determined (22) . Bonferroni's t-test was used after one-way analysis of variance to compare the R~values with R and Rp means (23) . The level for statistical sig nificance was set at P < 0.05.
Experiment 2. Sixteen three-week old pigs (average initial weight 6.9 Â±0.2 kg) were assigned (four/treatment) to four dietary treatments:
the basal R-diet (table 1) , supplemented with 0, 2, 4 or 10 mg riboflavin/kg diet. Again, supple mented diets were prepared twice weekly from the basal diet. The diet and water were fed ad libitum. Pigs were housed in stainless steel cages, two pigs/cage. Onehalf the pigs were killed at 2 weeks of feed ing the diets; the remainder were killed at 4 weeks. Blood, liver and muscle were ob tained. RBC active and total GR, liver and muscle Se were determined as in the pre vious study. GSH-Px was assayed after the method of Paglia and Valentine (24) . We used this procedure in an effort to expedite GSH-Px analysis in our laboratory. Hydro gen peroxide was used as substrate. Data were analyzed as a 2 X 4 factorial design followed by a single orthogonal compari son to determine if the unsupplemented diet produced a different effect than sup plemented diets (23) , and the level of sig nificance was again set at P < 0.05.
RESULTS
Experiment 1. Within 2 weeks of the initiation of the dietary regimens, R~pigs
showed signs of riboflavin deficiency in cluding rough hair coat and periodic ano rexia. In two of the pigs, anorexia was ac companied by aimless circling followed by a flaccid, semi-comatose state which would last roughly 24 hours, during which period Weeks fed diet the pigs did not consume diet. With re covery, they would again consume the diet and the cycle was renewed.
Weight gain data are presented in figure 2. Within 3 weeks of initiation of the di etary regimens, R pigs weighed less than either supplemented group. Absolute organ weights and as a percentage of body weight are presented (table 2) . Heart, spleen and thyroid weights were lower among R pigs than either control. Liver weight of R~pigs was actually greater than Rp pigs, but 2ÃŸ% less than R pigs. Kidney weight did not differ between R~and Rp pigs; however, R~pigs did have reduced kidney weight compared to R pigs. Ex pressed as a percentage of body weight, liver, kidney, heart, thyroid and adrenal were greatest among R~pigs. Spleen was reduced, as a percentage of body weight, among R~pigs. Table 3 presents plasma Se and erythrocyte parameters. Plasma Se did not respond to dietary riboflavin. RBC GSH-Px activity also was not altered by diet. Hematocrit and hemoglobin were mildly depressed among R~pigs; mean corpuscular hemo globin concentration (MCHC) was unaf- fected by diet. RBC G6PD and 6PGD ac tivities were elevated among R~pigs. Active GR was greatly reduced among the Rp igs resulting in a significant negative cor relation of 6PGD and active GR activities (6PGD = 4.89-0.91 GR active; r = â€"0.45). While active GR was reduced greatly among R~pigs, total GR was only slightly lower than R pigs and not different from Rp pigs. Percent active GR fell to 267f (EGR-AC = 3.8) among R-pigs com pared to almost 100^0 (EGR-AC = 1.0) for either control. GSH concentration was significantly greater among R-pigs than R or Rp pigs.
Hepatic and muscle parameters are pre sented (table 4) . In contrast to RBC, neither hepatic nor muscle GR activity was affected by dietary riboflavin. Total activ ity was equal to active in all pigs. At the same time, GSH-Px activity was reduced among R~pigs. This decrease in GSH-Px activity was accompanied by a decline in Se concentration in liver. However, muscle 1Glutathione peroxidase activity is expressed as AmÃ³lesGSH oxidized/min (IU). * Each value is the mean of four observations; * unsupplemented (0 mg riboflavin/kg diet) significantly (P < 0.05) different from supplemented (2, 4 and 10 mg riboflavin/kg diet) as determined by orthogonal comparison. NSIndi cates no significant difference (P > 0.05) between riboflavin-supplemented and riboflavin-unsupplemented. Se was not significantly reduced by ribo flavin deficiency. TEARS index/g liver was not elevated by riboflavin deficiency, in deed, TBARS/liver was lower among Rp igs than R pigs. Hepatic NADP-dehydrogenase activities were generally greater among R~pigs than their pair-fed controls (Rp) and essentially equivalent to R values, with the exception of ICDH which was SO^o higher among R~pigs than R pigs. Experiment 2. While pigs fed the diet unsupplemented with riboflavin had a somewhat rougher coat than supplemented pigs, none of these pigs showed behavioral abnormalities as observed in the first study. Weight gain data are presented in figure 3 . Supplementation of the diet with 2, 4 or 10 mg riboflavin/kg diet produced similar pat terns of growth. Within 2 weeks of feeding, pigs fed diets unsupplemented with ribo flavin weighed less than other groups.
Percent active GR again responded to dietary riboflavin ( fig. 4 ) . Values for 2 and 4 weeks were pooled because these points did not differ. This response to riboflavin was not linear. The response was solely due to changes in active GR activity since total GR was not different between riboflavin supplemented and unsupplemented pigs.
Liver and muscle Se concentration and GSH-Px activity are presented in table 5 . These values also showed no effect of weeks fed the diets. Pooled values are therefore presented. Hepatic Se and GSHPx activity were significantly altered by dietary riboflavin. Muscle variables showed no significant response.
DISCUSSION
Similar body weight depression, with concomitant increase in percentage of body weight represented by most organs, has been reported for a number of nutrient de ficiencies among baby pigs (25) . The weight gain data for the second experiment ( fig. 3) show that 2 mg supplemental riboflavin/kg diet was sufficient to bring weights in line with 4 and 10 mg/kg diets. Three to four mg/kg diet are considered adequate for the baby pig (26, 27) .
In both experiments, the basal diet (Rõ r 0 mg/kg) resulted in markedly de pressed RBC active GR. Previous reports indicate that a 50% depression in RBC active GR did not result in decreased levels of RBC GSH (28) . Indeed, although the percent active GR was only 25% on the average in the present experiments where pigs were fed diets unsupplemented with riboflavin, RBC GSH was actually elevated (experiment 1). The 30 to 50% elevation in RBC G6PD and 6PGD activities may account, at least in part, for this finding. The RBC is capable of GSH synthesis (29) which might also contribute to the maintenance of RBC GSH concentration.
Percent active GR did reflect dietary riboflavin intake ( fig. 4) . Dietary ribo flavin of 4 mg/kg diet was probably ade quate to induce optimal GR saturation with FAD. However, the failure to attain 100% saturation at 4 or 10 mg/kg in ex periment 2, while complete saturation was attained in the first experiment, may pre clude for the present the establishing of a cutoff "EGR-AC" value for the definition of preclinical deficiency as has been done for man (12) (13) (14) .
Neither plasma Se nor RBC GSH-Px activity were altered by dietary riboflavin. Liver Se, and liver and muscle GSH-Px activity were depressed among R~pigs. Indeed, liver Se concentration and content fell approximately 60r/c among R~pigs compared to either control. Liver Se of 0.14 ppm has been reported for diets based on common foodstuffs unsupplemented with Se, while values on the order of 0.50 ppm would be expected for Se-supplemented corn-soybean diets (2) .
Hepatic GSH-Px activity was depressed 80% while muscle was depressed only 35 to 50%. This response could not be linked to GR, since percent active GR in both tissues was 100% and hepatic and muscle GR ac tivity was not altered by riboflavin defici ency. A similar lack of response of hepatic GR to riboflavin deficiency has been re ported in the rat (30) . Considering muscle data alone, the depression in GSH-Px activ ity occurred without a decline in Se concen tration. Such data might suggest that ribo flavin is in some way necessary for Se in corporation into GSH-Px. Liver data from the first experiment do not contribute to understanding whether Se content or GSH-Px activity declined first, since at the time of death both Se and GSH-Px activity were concomitantly depressed among RP igsHepatic GSH-Px activity was also de pressed among pigs receiving no dietary riboflavin when compared to pigs receiving 2, 4 or 10 mg riboflavin/kg diet. However, activity was not as markedly depressed (only about 50%) as in the first experiment. Hepatic Se followed a similar pattern. In this experiment, neither muscle GSH-Px activity nor Se concentration were altered by dietary riboflavin. The reason for this difference between the two studies is un certain.
In conclusion, diets unsupplemented with riboflavin resulted in depressed he patic GSH-Px activity and reduced hepatic Se concentration. Blood did not show this response over the course of these studies. Muscle response was more variable than liver. While the current investigations do not provide the mechanism for the ribo flavin effect on hepatic and, perhaps, muscle GSH-Px activity, a response to GR activity can be eliminated since GR activ ity in muscle and liver was unaltered by dietary riboflavin.
It is equally unclear whether riboflavin deficiency results in a functional hepatic Se deficiency. Certainly hepatic lipid peroxidation, as measured by TEARS, was not increased in riboflavin deficiency.
Erythrocyte percent active GR reflected dietary riboflavin. On the basis of percent active GR and weight gain, the riboflavin requirement of the young pig appeared to be 2 to 4 mg/kg diet, which is in agree ment with the 3 mg/kg level recommended by the NRG (31).
As a final point, it was possible to re duce erythrocyte active GR activity by 75% without resulting in a decrease in RBC GSH concentration. Thus, even in RBC it is unlikely that GR insufficiency would yield a functional GSH-Px defi ciency. This extends the previous findings of Beutler (28) .
